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1 Introduction

This report comprises the first stage of a Phele study. The aim
is to review the basis of cloud observation techniques 1laying
particular emphasis on satellite-basea retrievals. Since the early
1980s there have been a number of developments in remote sensing of
cloua characteristics and these are reviewea heres 1t is clear that
whilst many of the more novel techniques offer additional insight into
cloud features none of them have yet been aadequately valiaateae.

The UeSe Air Force's nephanalyses, 3L Neph and KT Neph have been
excluaed intentionally from this review for two reasons: (i) they are
based on a range of data from a variety of sources and (ii) an
adequate description of the newer, current algorithm (RT Neph) is
still awaitea. Despite this exclusion our conclusions (see Sections 3
and 4) suggest that RT Neph mnay well be benefitting greatly from the
inclusion of conventional as well as satellite-basea observations,

With the advent of satellite technology, we have been providea
with the facility to observe clouds from above as well as belows Lue
mainly to their vastly superior areal coverage the last two decades
have witnessea a sustained effort in utilising remotely sensea
radiation fromn various regions of the electromagnetic spectrum to
derive cloud parameters relevant to meteorological and climatological
stuaiese The human eye, though still employed in a aaily
observational sense has been forced to take a secondary role compared
to that of the satellitess The aevelopment ana use of sophisticated
climate models has taken into consiaeration the raaiative effects of
the global cloud fiela ana, along with increasing awareness of the

significant role the various cloud types play in determining the
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Earth's raadiation budget, has contributea to the neea for global cloua
coverage information which can, of course, only be achieved from
spaceborne sensors, there being insufficient resources available to
deploy the requirea density of surface observers, especially over the
oceans.

The International Satellite Cloud Climatology Project (1SCCP)
(world Climate Programme (WCP), 19862; Schiffer ana Rossow, 1963, 1665)
aims to provide users with a uniform global radiance climatology frown
which specific cloud parameters will be extractea. The methoa of
extraction (i.es choice of particular cloud retrieval algorithm) is of
crucial importances As will become evident, there is at present no
single retrieval algorithm capable of performing all the tasks
required of it and, equally important, a lack of 'truth' data sets

against which results can be comparea (kossow et als, 19865)s For

ISCCP to be of sustained beneficial use the cloud retrieval (as well
as being as accurate as possible), will need to be very precise (Table
1)e 1In this case the accuracy of retrieval refers to the minimising
of systematic errors in the reception and calibration of the satellite
datae The high precision requirement defines the confidence limits of
the estimated clouda parameterse. Many recent algorithm developments
have taken place, in many cases builaing on previous work to increase
the sensitivity towards detection of specific cloua systemns. In the
following sections present-aay knowledge of satellite cloud retrieval
is reviewea, the nain problems analysea and the feasibility of merging
surface observations into the retrievea cloud fielas examined in the
light of recent work (e.ge Stze et als, 1966).

When the first satellite-aerived images were made available to
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Table 1 Data specification for the International Satellite Cloua

Climatology Project (after Rossow et ale, 1965)

Parameters - Spatial and temporal averages and variances (or another
statistical measure of the shape of the temporal distribution) are
required for each of the following parameterse.

Precision
(30-day
averages)

Amounts
Total cloud amount (fraction)** +0603
Cirrus cloud amount (fraction) +0.05
Middle cloud amount (fractign) +0405
Low cloud amount (fraction) +0405
Deep convective cloud amount (fraction) +0.05
Height *
Cirrus cloud-top height (km) +1,00
Middle level cloud-top height (km) +1400
Low-level cloud-top height (km) +0450
Deep convective cloud-top height (km) +1.00
Cloua-Top Temperature (k) for each cloud category* +1.00

Cloud Optical Depth

Cloud Size Distribution

Average Narrow Band Radiances (VIS and IR)*

Spatial Averaging - The information is to be averagea over
approximately 250 km by 250 km boxes

ime Sampling - Every 3 hours i.e. 8 times a day, centrea around the
synoptic observation times

ime Averaging - The glnbal cloud climatology will consist of 30-day

averages for each of the § nbserving times per day

Length of Time Series - 5 years

* highest prinrity
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users, meteorologists were facea with a choice of either carrying out
a manual analysis of the photographic image (Clapp, 1964) or aevising
an automated technique to process the digitized aata, in order to
ascertain, for example, cloud amount (Arking, 1964), Manual
nephanalyses were founa to consume many man-hours of time whilst at
the same tine incorporating an inevitable degree of subjectivitys
Automatea processing, although unsuccessful initially (Goashall, 1570)
1s now, with the aia of moaern computers, a much more efficient means
of analysis, especially for quantitative determination. ISCCE will
eventually provide over 1600 days worth of global data: a data archive
clearly beyona the ability of manual analystse.

2 Cloud Retrieval Algorithms

All cloua retrieval algorithms comprise two basic steps, nanely
initial aetection of cloud followed by quantitative analysis of that
cloude The first step involves separating observed raaiances into
either a clear or cloudy category. The methodology employed in the
separation defines a particular type of algorithms The analysis step
concerns the determination of cloua properties from the observed
radiances and may vary from the fitting of complex raaiative transfer
models in order to obtain parameterised cloud properties to the
straightforward task of counting clouay pixels to determine cloud cover
fractione Implicit in any algorithm is a set of assumptions (in effect
a raalative model) characterising the relationship between the Earth's
surface, the atmosphere and clouas with the satellite measurements.
Algorithmns may be aistinguished by the type and complexity of the
inherent radiative model but all are aesignea to retrieve cloua

properties, the retrieval being aepenaent upon the methoaology usea.

The acceptea means of distinction is, however, the application of




detection and analysis to either groups of inage pixels or inaividual
image pixelse This latter type of algorithm is termed a threshola
method whilst the former type is known as a statistical methoae. 1In
addition a third type of algorithm, the radiative transfer technique
can be arbitrarily defined by virtue of its differing approach to
retrievale Each category and its applications are reviewed in turn
ana, where possible, illustrated with reference to NCAA-7 polar
orbiting data for Wwestern Europe on 10th August 1983, The aata
comprise three arrays of 51z x 512z image pixels covering the latituae
belt 42° to 57° Northe The major weather systems present are a
depression in the Eay of biscay with associatea convective disturbances
on its eastern flank ana an anticyclone with clearer skies over
Southern Scanainavia. The images (Figure 1(a) is channel 1 [0.58 =0.60
Pm] and Figure 1(b) is channel 5 [11«5 = 1245 Pm]), which are for 1425
GMT on the 10th August 19863, and the surface synoptic chart for midday
on the 10th August (Figure 1(c)) indicate a range of features: fog in
the North Sea, multi-level cloud over France and somne clear lana ana
ocean arease

2el Threshold Techniques for Cloud Retrieval

The threshold method treats each image pixel separately,
assigning to each pixel or fiela of view a completely clear or cloudy
label according to the magnitude of the observed radiance relative to
the predetermined threshold level i.e« the pixel cloua fraction,
(referrea to hereafter as f) equals either 0 or 1. This definition
(Arking ana Childs, 1985) appears to contradict that given in the
ISCCP preliminary implementation plan (WCP, 1962) which states that

the cloud fraction is linearly relatea to the aifference between the
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‘ Figure 1(a) Visible (channel 1, 0.58 - 0.68 Fm) image from NOAA-7 &
: Aavanced Very High Resolution Radiometer (AVHEKR) taken at .
: 1425 GMT, 10th August 1983. (Image Courtesy of N
. University of Dundee).
b gl
Figure 1(b) As for (a) except thermal infrared (channel 4, 10.5 - .
11.5 Pm). (Image Courtesy of University of Dundee). ,
. Ly
Figure 1(c) Surface synoptic chart for 1200 GMT on 10th August 1983 '
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observeda and threshola radiance, implying values of { intermeqiate
between 0 ana 1¢ however, Godshall (1970), reporting on the previous
work of barnes ana Chang (1966) impliea a definition consistent with
the former (ieee f = 0 or 1) ana applications reported since 196z
(Liljas 1664, wielicki ana welch, 1966) confirm this views

A single channel threshola was originally usea (esge Saunders
and Hunt, 1960) which involved no auxiliary data to determine cloud
cover, this method is termed the 'gross cloua check' in Saunaers
(1966)s However, bispectral or double-channel thresholas are now also
documentea (Minnis and harrison, 1984a,b,c and see also Ackerman ana
Cox, 1981)s The ISCCP pilot stuady of 1961 (World Climate Progranmne
1962), aiming to establish the relative effectiveness of the then
available algorithms included both single channel ana bispectral
thresholas in its evaluations The single channel version defines the
threshold as sowme increment in either visible reflectance ( AR) or
infrarea brightness temperature (AQT) from a clear sky value (RS,TS)
so that for visible (infrarea) raaiances, a pixel is labelled cloudy
if R>Kg + AFK (or T<T4~AT)e The cloud cover fraction can then be
obtainea by counting up all the 'cloudy' pixels whilst other
parameters e.pe visible albedo, cloud top temperature can be derivea
from cloua raaiative models and the cloudy radiance valuese The clear
sky and cloudy radiances form a monotonic aistribution, the clear sky
radiance corresponding to wminimum reflectance (visible channel) or
maximum brightness temperature (infrarea channeld)e Time records of
the extreme values for each pixel are examined and 15 or 30 day
comnposite inmages can be constructea (e«ge see Séze ana Lesbois, 19b6)
where & pixel's minimum reflectance, say, is assumed to represent the

clear sky reflectance for that periocas 1In certain situations mininum
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visible reflectance aoes not coincide temporally with maximum
brightness temperature (S&ze and Lesbois, 1986)s The time period
should be sufficiently long so as to account for any variation of
surface properties and in the case of geostationary satellites it can
compensate for the effects of viewing geometry (which do not alter in
time)s Spatial filtering of the composite image can remove any noise
due to cloua contamination and then the threshola increments,
typically 3% reflectance and 6 k brightness temperature can be
appliede

Alternative methods of setting the threshold exist: visual
inspection of the one-dimensional frequency histogram of either
visible reflectances (wielicki and welch, 1966; Saunders, 1966) or
spatial variations in the radiance fielde In the former case, appliea
by Wielicki ana welch (19b6) to fair weather cumulus fielas, the
reflectance histogram (Figure 2) displayea a highly uniform
distribution of cloud reflectance ana the cloua fraction was strongly
related to the selectea threshola as shown in Figure 3 In this case
it was concluded that many small clouds (~100m in size) haa been
observed (because of the fact that reflectance is observed to increase
notably with cloud size) ana that reflectance across indiviaual clouds
was highly irregular, Alternatively, Saunders (19b6) applied a
'aynamically controlled' threshold using several inter-related
parameters to separate any cloud free peaks present from remaining
clouay radiances (Figure U4). Examination of the histograms in Figure
5 shows that in the visible case (Figure 5(a)) values of the threshold

parameters m, n ana T could be tuned to give an accurate cloua

fraction estimate whilst in the infrared example (Figure 5(b)) the
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* Band 6 1.7 - 0.8 )

Figure 2 Histogram of Landsat digital count (i.e.,
reflectance) for a western Atlantic cumulus cloud field.
The curve is plotted for all 127 digital count values but by
for simplicity selected values are shown. The equivalent ",
nadir lambertian reflectance scale is given at the top of <
the figure (after Wielicki and Welch, 1986). ¥
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'A T Imax

Ipk

aihitihe,

Figure 4

Iil

| TTta
Tmin

Examples of (A) visible (0.58 - (.68 pm) radiance and
(B) 11 micrometer brightness temperature histograms with
cloud free peaks (after Saunders, 1986). The computed
dynamic threshold is given as T which is determined as
follows from visible (infrared) histograms: first
calculate the number of radiances that constitute the
peak and the value of I k+ I1f the peak is considered to
be significant then (if de*ermine the lower and upper
limits of the histogram (I, and I, respectively). (ii) If
I, (I2) lies within 'm' counts of the peak and
b k<Ima (>T in), then the peak is assumed to be cloud
rRée witn the threshold T set at 'n' counts above I K*
Values of the parameters, m, n, Imax and Tmin are giJ;n
in Saunders (1986).
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Figure 5(a) One dimensional frequency histogram for AVHRR channel 1

(0.56 - 0.68 pm) taken from a sub-scene, frame B (47°
-52%) of Figure 1(a).
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close proximity of the cloua free and cloudy peaks means that snall
changes in m,n ana T will proauce larger fluctuations in the derivea
cloud fraction. The latter case for spatial variations assumes that
areas larger than the pixel resolution possess homogeneous surface
properties and are never completely cloud-coverea. The retrieval
technique is therefore limitea by surface variation over areas larger
than an average cloud size which may be as large as 250 km x 250 Kme
Une inherent problem with this method is that it does not offer a
method of identifying apparent cloud variations resulting from
variations in viewing geometry or atmospheric conaitions.

The major drawbacks concerning the operational use of threshola
algorithms relate to situations of partially clouaed pixels and the
definition of the clear sky radiance valuess The problem of snall
cloudas failing to fill up individual fields of view has been adaressed

(Coakley and bretherton, 1962; kossow et al., 19065) ana might well

apply in the case of, say, fair weather cumulus (wielicki and welch,
19bb)e If a threshold is selected to counter errors in mean cloua
cover fraction for one cloua type, considerable biases wmay well then
arise for other cloud types (Coakley ana bretherton, 19b2). In
adaition, when only part of the field of view is coverea, cola, thick
clouds will appear warmer ana thinner whilst warm, thin clouas might,
in an extreme case, appear as a clear view to the surface thus
introducing serious errors in determination of cloua amount, cloud
optical properties ana cloud top temperature. Coakley ana Bretherton
(19bz) apply the finaings of Shenk and Salomonson (1972) to highlight
the risks associated with thresholds when the satellite's fiela of
view is smaller than the typical cloua size by as much as two oraers

of magnitude« PFlotting cloud cover errors against the inverse square
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root of cloua area to scanning pixel size yielas an approximate linear
relation showing that the errors decrease inversely with the square
root of cloud area (ana hence cloud perimeter) thus explaining the
likelihooa of large threshold-basea estimnation errors for relatively
small cloud size distributionse

The 1logical step to offset errors due to partial pixel coverage
is to reduce the pixel resolution as far as possible, thus increasing
the likelihood of completely clear or clouay pixelss Unfortunately
for global analysis pixel resolution is stringently controllea by the
volume of resulting data so that whilst the Lanasat thematic mapper
(IM) has a resolution of 30 m ana the Landsat multispectral scanner
(MSS) a resolution of 57 m, as opposea to NOAA's advanced very high
resolution radiometer's (AVHRR) value of 1.1 km, ISCCP will process
only geostationary and AVhkk data which, will in turn, require
subsequent compressions Ultimately, the accuracy of clouda cover
determination rests with the success of the threshola technique in
partitioning partially cloudy ana clear pixels which in turn depenas
on the magnitude of the threshold (assuming clear sky radiances are
known accurately) ana on the methodology used to apply ite

The determination of clear sky radiances requires that at
sometime dauring the time period examinea, cloud free conditions
prevail over each pixele Providing that surface and atmospheric
properties remain constant throughout the time period, the
aistributions of hg and Tg over the pixels may be accurately obtained
and the clouds become discernible through a single spectral channel.
however, sudden or gradual spatial and/or temporal variations in the

surface or atmospheric properties such as a heavy fresh snowfall or an
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increase in atmospheric turbidity due to an influx of desert aerosol
can render the clear sky radiances inaccurates, For examnple hossow et
ale, (19065) describe such a sequence of events that occurred auring
the ISCCP pilot stuay test periode Assuming reliable clear sky values
the use of small thresholas can allow for the aetection of clouas
whose spectral signatures closely resemble that of a clear sky, €ege
low level clouas detected by use of a daiscriminating visible channel
threshola (Saunders 1966),

The presence throughout the worlad of spatial inhomogeneity ana
temporal variation of the surface, means that the use of fixea
thresholds for analysis of global radiance data is completely
impracticals Thresholas would have to be ‘'tunea' to the situation in
hand using auxiliary datas Not surprisingly, one of the major
finaings of the ISCCP pilot stuay was the urgent need for improvement
in the techniques to specify clear sky radiances., Future improvements
in satellite cloua retrieval are likely to arise airectly as a result
of a superior aetermination of the clear sky scenee.

Application

Lespite the attenaant problems outlined above, threshold-basea
cloud retrieval techniques have been successfully usea in several
instances (Liljas 1964; Minnis and harrison, 19bl4a,b,c; Saunaers
1986)s The accurate determination of sea surface temperature via
remote sensing may be usea as data input to c¢climate ana forecast
modelse Conventional sounaing techniques rely on cloua free
conaitions for operation which, during periods of persistent scatterea
or total cover may be an unacceptably long time in forthcoming. The
dynamic visible threshold method (Saunders 19b6) has been successfully

utilisea in aaytime hours as a component of a larger algorithm known
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as the spatial coherence visible method to providae accurate sea
surface temperature values by comparison with ship measurementse here
a fixea thrashola (the gross cloud check) immeaiately rejects
obviously clouay pixels whilst the dynamic threshola, operatea in
combination with the spatial coherence method (see Section 2.3)
aistinguishes sea surface from low cloud whilst remaining unaffectea
by any strong sea surface temperature gradients in the vicinity of
frontal regions.

In attempting to estimate diurnal variations of clouainess in
association with c¢lear sky parameters, the 'hybria bispectral!’
threshola technique (Minnis anda harrison, 1%blda,b,c) has been
introducea ana applied to subregions of GOES-East imagese At night
the method reduces to a simple infrared thresholad but the aaytime
visible radiances are employed to tune the night-time threshold and
thus the consistency is preserved throughout the diurnal cycle (Minnis
ana Harrison 1964a)e The clear sky visible reflectances are obtained
from time recordas of minimum reflectance for observations at a time
close to miaday, K then being assumed constant throughout the time
periods Empirically aerived reflectance moaels which take account ot
surface properties, solar zenith angle and the satellite viewing
geometry enable determination of kg at other timese Averagxe values of
Ry for each subregion of 250 km x 250 km are obtained with AK set at
approximately 1% reflectance. .Ihe brightness temperature threshola is
then determinea by summing (for decreasing values of 1) all the pixels
for which k<hg + AK until their average value is equal to T. the
average of all the pixels where R<RS4-Z§R. The final value of T useaq

in the summation defines T4 - /A1 ana all pixels colaer than this
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value are labellea cloudy (irrespective of reflectance)s In this way

despite the inclusion of slightly cloudy pixels or those containing

cirrus cloud (poorly aetected by visible thresholas) which may cause T
<Tg the effect of counting partially clouay pixels as totally cloud is
offsete In the next stage all kg, k and T values are normalisea, thus
removing any angular adependence or atmospheric effectse Empirical
reflectance models for land, cloud, ocean and a clear atmosphere are
applied to the reflectances to normalise them with respect to the
solar zenith angle, the satellite viewing zenith angle ana the
satellite viewing azimuth angle, whilst application of seasonal and
latituae-depenaent 1limb daarkening functions helps elininate any water
vapour absorption effects from the T values by normalising to the
overheaa satellite-viewing zenith angle of zero degrees and thus
correcting for slanted paths, reducing the amount of atmospheric
attenuation possible by water vapour absorption, (Minnis ana harrison
1964a)e The clear pixels permit surface temperature, averaged over a
subregion to be estimated, ana the cloud optical properties are deduced
from R, T, R

T. and f, for each pixele These properties can be

s? S

assignea to a low, middle or high cloua category by defining, for each
category, a range of temperatures interpolated from T4 assuming a
uniform lapse ratee The results of the Minnis ana harrison (1G&k4a,b,c)
application of the bispectral threshola to monthly GCES aata coula be
compared with the monthly cloua aistributions obtainea from long tern
climatological values (e«ge hahn et ale, 1964) as a possible
'valiagation',.

The potential uses of automatea cloud classification incluae

climate modelling, numerical weather forecasting, solar eneryy

utilisation ana agricultural applicaticns. The LELuropean OSpace

18
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Operations Centre (ESUC)Y alreaay operates such a proceaure for mapping

areal aistributions of the cloua top level whilst the Sweaish Space

Corporation (SSC) employs an automatea classification algorithm for

use in forecasting, described by Liljas (1964), The method is known

as multispectral box classification and makes use of four AVhEKR

channels (1, 2, 3 anda 4; 0585 ~ 0409 pos Oe73 = 1410 P 3655 = 393
Pm, 10e5 = 11.5))m) to examine the radiative properties of clouas and
land, ocean and cryospheric surfaces as a function of their optical
aepth, height, density and thermoaynamic phase. Liljas (19b64)
describes the spectral characteristics of each common cloua type for
the channels usea (Figure b6), and aemonstrates how the spectral
similarities between snow, mist, sunglint and c¢louas in channels 1 and
L can be overcome by the use of channel 3 (Figure 7)., where the
applicaticn of channel 3 brightness temperature wninus channel 4
brightness temperature, normalisea by aivision by the sine of the solar
elevation angle, k., provides a measure of the reflectance of solar
radiation in channel 3 (Table 2) (Liljas, 1964)e The implementation of
fixed thresholas in the n-dimensional raaciance intensity space (where n
represents the number of spectral channels usea) is used to aefine
'boxes' for 16 cloua ana surface types (Table 3) for the summer perioa
May to Septemnber. The method shows consiaderable agreement in
comparison with synoptic surface observations, although a comparison
with different (iees non-threshold) types of algorithm, whilst not yet
attemptea would prove a useful exercise. Unfortunately Liljas (19b4)
fails to proviade information concerning the sensitivity of the appliea
thresholds to changes in season (ana hence surface properties) although

some level of tuning seems likely to be necessarys however, from the
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20 Albedo, (h?

Position of various surfaces in visible (channel 1,
0.58 - 0.68 pm) and infrared (channel 4, 10.5 -11.5 pu)
intensity space from AVHRR data (after Liljas, 1984).
Standard U.K. Meteorological Office cloud symbols are

used.
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i Table 2o Albedaos for various terrestrial surfaces and ¢cloud types Y

' — .

calculated from AVHKR channel 1 and brightness temperature difference

7_"« | o

Q in AVHRR channels 3 and 4. Mean value and extremes for May to by
v, - .
? September of well defined surfaces (after Liljas, 1964).
q Cloud / surface type Albedn {T3-Ty)/sin E (2¢) ¥
% = = N
ﬁ [ extreme -~ mean - extreme ] ;
ﬁ Thin stratus/fog 020-04U40-0452 20-27-36 B
Stratocumulus * 0e40-0.50-0460 32-50-69
o~ Altocumulus 0e37-0450-0.69 33-52-90 3
Nimbostratus Ce59=068=0e7T7 31-49-62 ik
K, irrus/cirrostratus 0¢12=0e31=-0e62 14-36-62 ﬁ
f Cumulonimbus developing or mature Ge75-0476=0e92 62~71-865 I
& Cumulonimbus decaying 0466-0¢73-0e92 30~-U49-61 ‘
Sunglints 0¢ 10-0e24-0440 -56- A
B Water 0003-0006—0001 0.2-105-4'5
o Land 0e05=0,09-0e18 2¢5=5:8=-640 a
% K
=) 3
< S 1
AN Notes o1
L Y
'; BEetween 10 and 40 stuaied objects in every class N
D Sun elevation angle, E, between 30 ana 55 degrees {
I
* seven to eight oktas (eighths) of sky cover
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ZE Table 3¢ The separation of sixteen classes in a four-aimensional A
. ]
A) "
intensity space (maximum ana minimum values) for NOAA-6 imagery for .
.. solar elevation angles of between 5_1.9 and 5_7_9 (after Liljas, 1964), '
)
v '
a Cloud/surface Ch 1 Ch 2 Ch 3 Ch 4 W
. Cb 132=172 100-150 101-255 163-255 4
i’ Cb 132-172  100-150 101-255  160-162 )
d: Ns 106-131 b0-130 101=255 160-255 ]
3 Cs 48-105 30-90  101-255  160-255 v
¢ Ci over water zU-47 15=30 101-255 121-162 5
Ci nver land 24-47 31=-50 101-255 121=-182 b
o Cu congestus 106-172 60-150 101-255 140-159 ~
3 As 46-60 30-60  101-255  121-159 h
5 Ac 51-105 65=100 101-255 140-159 o
D Sc 81-131 65-120 101-255  100-139 6
n Mist over land  27-40 38-60  101-255 60-120 ;
Mist over water 24-40 22=-37 101-255 60-120 2
. St/fog 41-60 30-60 101-255 60-120 .
: Water 0=-25 0=20 101=255 60-120 )
i Land 0-26 £1-60  101-255 60-120 £
R, Sunglints 10-100 10-100 0-100 60-120 ¥)
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examples given the aiagnostic value of the classification in real-tine

meteorological analysis and forecasting appears to be high.

262 Statistical Cloud Retrieval

In either clear sky, single cloud type or multicloua type
situations, projection of the multispectral signature of each
satellite image pixel onto a corresponaing multi-aimensional histogram
will give rise to the presence of areas of relatively high pixel
densitye These regions, dispersed throughout the raaiance intensity
space are associated with relatively homogeneous emitting ana
reflecting surfaces, cloua types, oceans and lanae The ability to
describe and to discriminate effectively between these surfaces or
classes, essential for any meaningful cloua classification scheme, has
prompted the invocation of statistically-basea retrieval algorithms
which, as opposea to the threshola nethods, are aesignea to treat
large groups of pixels at a time, corresponding to each surface type.
The methodology employed in separating spatial radiance patterns into
cloudy and clear classes can be thought of as being equivalent to the
use of a constant threshold and clear sky radiance. For complex cases
this woula appear to be an unattractive concept, however as will be
seen, use of time compositing can be beneficial for statistical
algorithms as well.

The fundamental philosophy of statistical cloud analysis is the
partitioning of multiaimensional frequency histograms 1into
representative classes for which three recognisead routes exist. These

t ale, 1962; Phulpin et

are (i) gaussian histogram analysis (Simmer

ale, 1963); (ii) dynamic clustering (Lesbois et al., 1982); (iii)

spatial coherence method (Coakley and Bretherton, 19bz; Coakley., 195673;

Coakley and baldwin, 19bldd)e As the aifterent method daescriptions use
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the terms "class" and "cluster" synonymously and interchangeably,
this convention will also be adoptea here.

2e2e1 Gaussian Histogram Analysis

Simmer et ale, (1962) along with Phulpin et al., (1903) present

examples of histogram partition by way of fitting Gaussian (normal)
distribution functions to one ana two-dimensional frequency histograms
in oraer to isolate aistinct clusters, At the time of publication the
latter method haa only been aeveloped and tested for cloua layers
overlying oceanic regions, although the intention was to aevelop a
similar technique for use over land surfacese The asymmetric Gaussian

analysis of Simmer et al.,(1962) does not suffer from this limitatione

Neither method at present takes account of corrections for viewing
geometry or atmospheric effectss Implicitly built into these analyses
is the radiative model in which, as previously stated, different
surfaces can be represented as peaks in the histograms by virtue of
their homogeneity ana consist of clusters of distinct radiance pairs.
In Phulpin et al., (1963) the AVhKF data array was first aiviaea
up according to the operational grid for the Tiros operational
vertical sounder (10VS)e This was because the work was carried out in
the context of improving vertical temperature profiles in clouay
arease 1The data are subsequently calibrated ana the visible one-
dimensional and two-dimensional histograms constructede. Gaussian
functions with fixea standara deviations are fitted to the histogram
peaks to iaentify distinct sea ana cloud clusters which must contain
at least a threshold mininum number of pixelse Closely adjacent peaks
are taken to represent the same layer and are merged into one class,

following a pre-acefined set of rulese Cloua cover estimation is by
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summing up all the pixels in the clouay clusters ana aividing by the
total number of array pixelse.
Validation

Valiaation would consist of comparison with visually interpretea
enhanced images by experienced cloua analysts, identifying the clouas
by their texture and spectral features. They are reckonea to be able
to estimate total cloud amount to within an accuracy of 10%.
Combinations of aata from channels 1 (0.56 =~ O.bblpnd ana 4 (10.5 -
11e5 Pm), along with 2 (073 = 1410 ym) and 4 were usea in
construction of the histograms with the result that the near infrarea
channel 2 proved significantly better than channel 1 for cloua
analysis, mainly aue to the lower reflectance of the sea, thus
allowing for better spectral resolution of cloua free regions (see
Figure 8)e Altogether almost 90% of the cases were in close agreement
with the visual interpretations, with the most persistent
aifficulties arising in the discrimination between small, low-level
cumulus and the sea surface, a problen akin to that causea by boundary
layer cumulus in the threshola methode The potential role of channel
3 (3e55 = 3493 PmS, although considerea, is as yet unresolved.

The idea developed by Simmer et ale., (1962) is that peaks
appearing in one-aimensional histograms (both visible and infrared)
can be representea by Gaussian functions which can. in turn, aefine
clusters in two-dimensional raaiance space. The standara aeviations
of the Gaussian curves are ageterminea from the plot ot raaiance versus
the logarithm of infrared frequency and the first cluster's pixels
reaefinea on the basis of aistance from the peak radiance. This
process 1is carried out first for the infrared histogram and

subsequently, whilst only using the pixels assignea to the tirst
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cluster, on the visible histogram so as to define the first two-
dimensional cluster, The whole process is repeatea until either all
image pixels are assigned to a cluster or a set number of clusters
have been defined, any remaining pixels being assignea to the nearest
(in two-aimensional space) clustere. Cloua cover fraction is estinated
as in Phulpin et als {(1963) whilst surface ana cloud properties are
calculated from the mean radiance over a particular cluster for pixels
residing within a radius of one standara deviation of the peak
frequencye Stable statistics can be achieved by operating on a
subregion of at least 300 image pixels.

This latter methoa was included amongst those testea in the 1ISCCP
pilot studye Its degree of success was juaged to be dependent upon
the decision criteria ana the resulting effectiveness of the cluster
definitions 1t performed to around the same level as the bispectral
threshold but encountered problems 1in regions of high spatial

inhomogeneity and in the case of a time-varying surface.

2e2e2 Dynamic Clustering

A significant aspect of any cloua retrieval is that it is carriea
out in the most objective manner possible. The examples so far have
involved tasks such as threshola tuning and the use of visual imnage
interpretation which invoke a degree of subjectivity. CLorrespondingly
the most objective cluster definition shoula give rise to the most
objective statistical methode. The dynamic cluster algorithm (Desbois
et ale, 1962; Lesbois and Séze, 19bd4a) has an essentially objective
framework and has been modifiea several times over various cloud

distributionse The step by step procedure of cluster selection can be

founa in Lesbois et ale., (198¢)e Hhere, the methoa is aiscussed in the
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overall context of classification (Desbois and S&ze, 19bka,b ana S&ze
et ale, 1964),

The statistical requirements of_the technique involve the use of
several thousand pixels (termea the learning set) in a test run.
These may or may not represent the image pixels on which the
classification will be performed. OGCne, two or three-dimensional
histograms are then constructea from the learning sete AsS opposea to
Gausslan techniques, those that have clusters classifiea from METEOSAT
imagery (as in Lesbois et ale., 1902) use the available water vapour
channel (547 = Tel Pm)in addition to the visible (Oo4 - 141 Pm) and
infrared (10.5 - 1245 Pm), resulting in the use of three insteaa of
two-dimensional histograms. Correct alignment of the image channels is
needed because the position of every pixel in the various histograms
will determine its classes Application of the dynamic cluster methoa to
the histograms now follows, either from randomly selectea pixel groups
(kernels) or from pre-designated kernels.s Although at times useful,
the pre-designated kernels are to be avoidea if the classification is
to remain wholly objectives The end proauct of the procedure 1is
firstly, the number of classes separated, secondly their centres of
gravity and variances, ana finally the percentage of pixels from the
learning set in each classe Classification of the image under study 1is
achieved by assigning each pixel to the class it lies closest to, the
distance to a class referring to the sumn of the variance of the class
and the Euclidian separation between the image pixel and the centre of
gravity of a classe

Visual examination of the histograms allows a qualitative
assessment of the cloud systems present to be made and in simple cases

the classes can be iaentified directly from the histogramse Examples
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of one and two-aimensional histograms, similar to those given in
Cesbois et ale (1982) have been derivea from NGAA-7 AVhEkK data
depicted in Figure 1le 1The one-dimensional histograms (Figures g-12)
illustrate peaks of varying intensity and definition, the visible
(channel 1) data tending to be more smoothed than the infrared (channel
5), resulting in easier class recognition in the latter, The
separation of the three major classes present in the sub-scene terned
here frame A [ 52° - 57°] (Figures § ana 10), (land surface, sea
surface ana low stratocumulus) is more easily performead on the infrared
histograme. Likewise the sub-scene termed frame C [ 42° - 47°) (Figures
11 ana 12), the very broaa peak 1lying adjacent to the land surface peak
contains both midale and high level convective clouds which can only be
distinguishea on the infrared histogram. The corresponding (Figures 13
ana 15) two-aimensional histograms are shown along with the
corrésponcing results for the sub-scene termed frame B [47° - 52°] in
*,

Figure 14 Once again several classes are immeaiately identifiable by
their positions in the radiance intensity space whilst those less
obvious would subsequently be deduced from dynamic clusteringe broader
peaks in the one-dimensional histograms express themselves as areas
containea within but which are themselves devoid of contours in two=-
dimensionss Projection of the two-dimensional plots onto a three-~
dimensional surface (Figure 16) provides an additional aia to visual
class separation.

The major arawbacks concern occasions when the histograms fail to
show definite peaks but insteaa tail off gradually from a single, ill-
defined peak (wielicki ana welch, 16bb)e 1ln such a case the algorithm,

whilst still separating classes, fails to draw sharp boundaries between
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Figure 10 One-dimensional frequency histogram for the infrared
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(529 =579) of data shown in Figure 1.
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neighbouring classese This effect was ncted in the ISCCF pilot study
(Rossow et ale, 1985) ana would produce analogous problems in the
Gaussian analyses (Section Z«Zel). Seconaly the aynamic cluster method
requires initial choices of the number of classes and the number of
points in each kernele. These values can have a profound effect upon
the number of final classes that result which is generally too large.

Application

Application of this type of cloud classification to inaividual
image segments carries with it the inherent risk that adjacent segments
might not proauce equivalent classes, depending on the cloud amount and
distributione The same can be said of the same image segment examinea
at various time intervalse Should this occur it woula make larger
scale classification extremely aifficulte One solution to this problem
is to begin with learning sets of a sufficient size so as to exceea the
minimum number of points required for a representative cloud population
ana statistical stabilitye 1In this way the classes found at larger
scales can be reproduced at smaller scales. Alternatively time
sampling can be usea whereby the learning set is derived from time
series of an image segment, each image taken at the same time each day
for several successive dayse The resulting cumulative histograms are
then likely to contain distributions of most types of cloua and
surfacee An interesting feature of this sampling would be the large
number of partially cloudy pixels spreaa out through the histograms, as
would be those pixels depicting semitransparent cloud.

The original method was tested on METECSAT images over the
tropical Atlantic, central ana west Africa (Lesbois et ale., 196z)
Although no corrections for atmospheric effects or viewing geometry

were made, the close proximity of the stuay region to the equator
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reauced the likelihooa of the latter type of errore Inaiviaual image

x, f.‘,

segments used for the initial testing for statistical stability :
Q incluadea 5000 pixels ana the subsequent full study involvea 40,000 ﬂ
§ pixelses The analysis centerea on an area of convective disturbances I|
: proviaing a variea class aistribution. The retrieval proauced up to o 'J
K different classes (see Figures 17 ana 16 ana Table 4) which were ﬁ
; identifiea by referring to the three two~dimensional histograms ana the ;
0 rectifiea imagese The classes were founa to correspond well with the %
’ cloua types present, encouragingly discriminating the presence of
> cirrus. iﬁ
d In adaition to classification Desbois et al., (1952) aemonstrate v
P a method of determining semitransparent cloud top temperature from the {;
i: infrared/water vapour histograms Results were encouraging and could '%
:' possibly be usea as correlative aata in future applications of other ~
) retrieval algorithms. :s
: Methods for Improving Classification E
& Since the original testing of the dynamic clustering technique &'
. reported in 1962, much effort has been devoted to finaing means of 5
f achieving greater representation in the cloua classes.s Some new ideas g
fv have since emerged: (i) use of space and time sampling to obtain a t
$ fuller representation of the cloua distribution (aiscussed in the :
? previous section) (Desbois and Séze, 19864a) and (ii) comparison of E
b local spatial variances to separate the more homogeneous cloua ¢
5 clusters (Séze and Lesbois 1966)s OUne of the objectives of Lesbois o
K ana Séze( 19&4a,b), was to perform a modifiea retrieval using the Ej
i recommendations above ana to compare the results with those derived 3
? from thresholase. 1The first moaification is that of deriving the {
‘ 3
K o

L1

AP




P it

e W W T Y ¢

r-

e e = — = S T WY R

a
areve L L i 1 1 1 1 | S| )
W M o e % 80 we 120 1o wo 10 Sright
VISIBLE CHANNEL  {Counts }
Cold b
180 >~
230 =~
-—— ” =
2
i
g we -
we r
g 138
"ne -
vy
1 1 i L. 1 i .
'". : .l. “0. |; |:° we 190 200 220 240 i(.;‘
Mare WATER VAPOUR CHANNEL ([ Counts)
1 Bidimensional histograms for an analysis region, I1k-VIS,

Figure 17
IR-WV and VIS-WV (after Desbois et al., 1982).




e R R Y Y T vy o w v
N T T O R R O K o R ey

ne ~

(Counts

S

VISIBLE CHANNEL
H H

30

Dark i i
(1) so 100 120 140 AL ] 180 200 220 240 100

.
Warm .
WATER VAPOUR CHANNEL  { Counts ) Cotd :

Figure 17 continued. L

43 o




PIEY T W I I T Tt e -

Cold l_

™
230 |- ’.il.::t.t::"..
— o.'..o‘ :.. .: "
» »*
‘sno
[ ¥
= o
%wo Class
S *® 1
e 2
g 150 ¢ 3
« x 4
P *s
inﬂ
110
0
I i1 1 1 1
wnio 60 80 100 120 140 180 180
VISIBLE CHANNEL (Counts) Bright
Cold
20 |-
L 2
raol-
»
*
T mo |- '?‘
31”»—
o .
g‘"r— Class
= .
S |- . 2 -
2 -
* s o
& vo |- s N
2 -]
1o |~
o
20 p— :.:
e
1 { 1 1 11 i1 1 1 1 .
Warmo .0 1] 100 120 140 180 180 200 220 240 280 e
Warm Cotd :
WATER VAPOUR CHANNEL {Counts)
] w
A
’l
+
Figure 18 Classes obtained by the dynamic cluster algorithm for :$
the same analysis region as in Figure 17, represented on x
two-dimensional histograms IR-VIS and IR-WV (after n
Desbois et al., 1982). r‘:

hh

-
<

l




A W N W W g G T N N O T LR SO PO T VIR PUN ™ORN =¥ Y "L

Table 4o Classes obtainea for the same analysis region as for Figures

17 and 18, Percentage coverage of eachclass along with the centre of

gravity and variance of each class are givene 1The units are numerical

counts of the METEOSAT radiometers (after Desbnis et all., 1982).

VIS IR WV
Classes Percent average average average
coverage (SeDe) (SeD4) (Sele)
Large convect- 100 21y 216
ive clouds 18 (15) (10) (14)
Edges of conve 56 195 191
clouas 16 (13) (13) (15)
Anvil 26 151 162
cirrus 17 (9) (14) (13)
Low level 54 134 129
clouas 7 (16) (13) (16)
Lana ana 16 111 132
ncean 36 (6) (9) (19)
/‘5




surface radlances from time series of images¢ LEach image is extractea
at the same time each day in oraer to avoia the requirements for
corrections for variations in solar zenith anglee. Also the use of raw
METEOSAT radiometric counts for analysis avoias the use of calibration
factors and angular and atmospheric corrections, all of which vary in
accuracy. These stipulations amount to the requirement that
observation conaitions remain approximately constant throughout the
period of 1image gatheringe Séze and Lesbois (1%bb) discuss
compositing techniques which are made rather comnplicatea by the 1lack
of correlation between minimum reflectance and maximum brightness
temperature from pixel to pixel, a feature that often arises in the
presence of very thin cirrus clouds 1t is worth noting that
information about daily cloud distributions ana temperature maxima can
also be ascertained from the infrared/visibtle histograms when certain
cloud types are fairly clearly defined, such as cirrus, low level ana
multilayered cloudse

The use of spatial variances is aesigned to discriminate
spectrally similar regions as well as provide information on partially
cloud coverea pixels (Coakley ana Bretherton, 196z) (ji.ee those
regions where classes tend to overlap in two-dimensional histograms)e
Clouas (surfaces) of variable optical depth but uniform emissivity
will have a high visible variance but low infrarea variance such as
low cumuliform cloudase The reverse applies to clouas of uniform
optical depth ana variable emissivity such as seni-transparent cirruse
The use of visible/infrared variance histograms is conplementary to
the radiance histograms which suggests that a four (five) parameter

classitication Ik/IK,,,./VIS/VIS, . (Lh/IRK,,./VIS/VIS, ./WV) nay help

Yvar

to separate further those cloud classes alreaay broadly aefinea in the
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original classification. Such a moaitied aynamic cluster analysis
using four parameters is describea in Stze ana Lesbois (1966)s In this
version the use of local variances improves aiscrimination of cirrus
ana improves the separation of totally clouay classes from partially
covered pixelse.

The problem of treating partially clouay pixels is well
establishede. A novel approach to solving this problem has been
proposea by Arking ana Chilas (1955)c Their methoa is designea to
treat pixels lying outside defined clusters and determine their cloua
cover fraction whilst requiring that their other cloua parameters,
optical depth (&) and cloud top temperature (TI,), remain as consistent
as possible with those of their nearest cluster,

The algorithm requires information from three AVhkk channels (1.
0eb6 to O.6b‘Pm; 3, 355 to 3‘93’ym and 4, 105 to 11.5)Jm) and in the
process retrieves four parameters, r,S,TC and a microphysical moael
index m describing the distribution of size, shape and refractive
index of the c¢loud particles present in each pixels Six possible
values of m have been computea (Table 5)« The basic raaiative model
assumes only one cloud type per pixel ana uniform horizontal ana
vertical temperature and optical properties within each pixel. The
retrieval (S,Ic and n. are determinea once f is known) uses equations
relating the three channel raaiances measured for each pixel to the
scene parameters within that pixel. A second radiative transfer moael
is thus built into the algorithm which is essentially a four-stage
process, beginning with the determination of the clusters fromn
histograms ana subsequently the surtface parameters for each channel.

The microphysical model inadex appropriate to each pixel is founa by

iy7
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comparing the observea channel 3 raailance to that calculated for each
"~dex using model-derived values of & and T, (Figure 19).

Values of optical aepth ana cloua top temperature can be
determined for all 'cluster-pixels' by application of the radiative
transfer equations that effectively map visible reflectance ana
infrared brightness temperature into § ana 1, assuming f and m are
known (f=1 for defined clusters), Recovery of whole image cloua
statistics cannot be achieved however, until the values of f for
partially clouay pixels (i.ee those lying outside the clusters) have
been determined. Maximal clustering is now invoked as followse
Figure 20 illustrates curves constructea from radiative transfer
models describing the variation of § and To with cloua cover fraction
for a given visible reflectance, infrarea brightness temperature and
microphysical moael indexs The position of each pixel is allowea to
vary along its respective curve until it lies closest to one of the
clusters, in this way maximising the pixel concentration around the
clusterse The value of f that corresponas to the new position of the
pixel along its curve is set as the retrieved value of f, permitting &
ana 1, to be determined (Figure 21).

The algorithm was testea on one of the 1ISCCP pilot study test
reglons, large enough to ensure stable statistics and a satisfactory

level of consistency reached in a comparison with manually interpretea

'
]
3

imagese Use of the improved clustering methoa describead would be a

logical improvement ana a direct comparison to results from the other

11

' fntatnts

»

clustering methods could serve to widen knowledge of this technique.
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23 Spatial Coherence Algorithms
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The major impetus for the stuay of local spatial variances (ana

their subsequent inclusion into dynamic cluster algorithms) was
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CIRRUS CLOUD = e WATER MODEL

ICE MODEL
A. REFLECTANCE AT .73um * OBSERVATIONS
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Observed and derived parameters along a NOAA-7 scan
line. A) visible reflectance. B) calculated optical
thickness that matches the measured reflectance for two
microphysical models. C) calculated cloud top
temperatures that correspond to the observed 11-
micrometers brightness temperatures. D) calculated
radiance at 3.7 micrometers based on derived values of &
and T, for the 6 microphysical models compared with
observations (after Arking and Childs, 1985).
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provided by Coakley ana bretherton (19b2z) who aiscoverea that local
variances, as applied to simple layered cloua systems coula retrieve
the raaiances corresponding to the cloua free and cloud-coverea fielas
of view, as well as those emanating from partially fillea fielas of
viewe The fundamental assumptions underlying their spatial coherence
procedure are that a) the clouds are situatea in aistinct layers with
each layer possessing a temperature appropriate to its altitude, ana
b) all the clouds in a layer emit radiation that is characteristic of
the layer, the layers being optically thick at the observea wavelength
with zero transmissivitiess This being the case, when several cloua
layers occur, each layer having at least several pixels wiath of non-
overlappea cloud, the methoa permits the estimation of the radiances
from the completely clouay regions of each layere. by allowing
detection only in the infrarea channel the retrieval can be used to
proauce aiurnal analysese

To illustrate the simplest case the local standara deviation of
11 micrometer brightness temperatures is plotted in Figure zz as a
function of local mean radiating temperature tor 6§ x 6§ pixel arrays
(about 3zkm x 32km) of AVHRK global area coverage aata for an oceanic
region underlying a simple, homogenecus cloua layer. The result is an
arch-like structure, typical of such plots, comprising two distinct
clusters of low stanadard deviation points separated by a dispersion of
higher standard aeviation pointss The 'warm' cluster centered on <93k
+1k is attributed to homogeneous clear sky fields of view (ocean
surface) whilst the cnlder cluster centerea around 25635k +1.5k
corresponas to raaiances emittea from completely cloudy pixels ana the

height of the cloud layer can be founa from the aifference in radiating

53

.
e

-
"

- g

v £ s ¥, o,
S




(a)
5 42.4N
b - 1S8.7W
d 0300LT Lo
2 14 SEPBI .. "
o
o
4
d
o
2
g
-
»
J
d
o
o
o]

04

LOCAL MEAN 3.7um RADIANCE (mW m 2sr 'em)

10 T T T
L {b) 4

z .
o s} - 4
= .
a
S - e
a8

6 - -
o
[
P = -
o
: er .
-
n - E
2
g °f
S

0o

100

LOCAL MEAN |l um RADIANCE (mW m 2sr'cm)

Local means and local standard deviations for the 3.7

Figure 22
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layered cloud system over the Pacific Ocean (after Molnar

and Coakley, 1985).




temperatures. The points residing in the boay of the arch are b

3 attributed to partially filled pixels (with f decreasing as we increase uz
" the raaiating temperature from 2563.5k) as these pixels shoula not be Z
..
i expected to possess the same degree of local coherence as those fron 'é
% clear or cloudy regions. Hhence since the presence of a layer can only §1
B

be detected when adjacent fielas of view are completely fillea this
retrieval methoa is successful only when the cloud cover is uniform
over areas considerably larger than the resolution of the data. 1t
this crieterion is not met, the resulting plot coula not be usea to
determine the c¢loud's radiating temperature. Those cloud types
exhibiting considerable spatial structure such as developing cumulus
congestus and cirrus are therefore less likely to be detected as a
layera.
N Estimation of fractional cloud cover (AC) for regions comprising
single layer systems is given by

: Ag = (I - I/ (I, - Ig) (1)
where 1 is the mean radiance, definea by

I = (1 =A,) I + AL, (2)
' where 1., the clear sky radiance, and I,, the cloudy radiance are both
W derived from the position of the "feet" of the arches.« The uncertainty
in A, can be estimated once the uncertainties in 15 and I, are known
since they are proportional to the breaath of the arch feet. Any
% uncertainty in I is the result of instrument noise and is of negligible

magnitudes Note that the method, applied to clear sky conditions over

%g oceanic regions, will provide a useful guiae to sea surface temperature
'i (by applying the inverse Planck function to the clear sky raaiance
l value), although with greater uncertainty compared to values obtained
g from soundinge N
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Because persistent single-layered cloud regimes (e.ge marine
stratocumulus near coastal South-west Africa) are fairly scarce ana
the majority of cloud systems around the globe comprise two or more
distinct layers, the ideas of spatial coherence were extendea to
multilayered systems (Coakley, 1963) When two layers appear in a
scene the points in the bodies of the resulting arches aenote
contributions of cloud cover from both layers as in Figure 23
Specifically in Figure 23(a) (Figure 23(b)) the regions of locally

~

uniform emission are observea at approximately 66, 656 ana 37 wh n™¢
sr~1 cm (Ce30, O¢l4 and 0603 mW =2 sr~' cm)e The arch foot at &b
(0e30) mWw L™ s~ cm is interpreted as being due to radiation from
the cloud free oceanic background whereas the two remaining feet are
interpretea as lower and upper level cloua layers respectivelye All
the pixels not yet accounted for are aesignated as partially coveread
wWwith an as yet unknown combination of clouds from the two layerse 1If
the fractional contribution of each layer is known then the total
fractional cover can be founds Figure 24 shows a spatial coherence
plot for the sub-scene trame C (42 ° - 47°] of the NCAA AVHRK data fron
Figure 1, depicting some uncertainty in the adaefinition of the archess
Three arch feet are discernible, that centerea on 360 counts referring
to the land surface backgrounda whilst the major cloud decks present
give rise to the feet centered at 570 and 760 countse The breaath of
the arch feet ana the large number of pixels within the (ill-definea)
arches suggest that in this case a poor result for A, woula be
nbtaineds This illustrates some of the problems of performing spatial

coherence retrievals against (i) a non-uniform land surface ana (ii) a

rather complex cloud pattern, Cnakley (1963) usea simultaneous
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Figure 23(b) Local means and local standard deviations of 3.7
micrometers radiances for the same pixels as in Figure

23(a) (after Coakley, 1983).
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Figure 2 Spatial coherence plot of local mean infrared (AVHER )
- channel 5, 11.5 - 12.5 }am) versus local infrared standard ,::‘_f
deviation for 3x3 pixel arrays from the sub-scene, frame :"f-
C (42° - 47°) of the data shown in Figure 1. :?f
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observations in the 3.7 micrometers winaow (channel 3 AVhkR) ana
the 11 micrometers window (channel 4 AVHREK), (these channels being
linearly indepenaent from each other) to obtain the non-overlapping
fractional cover attributed to each of the two layers by snlving pairs
of simultaneous linear equations such as those belowe For observations
in channels I and J, and for two cloua layers 1 (the lowest layer) ana

2 (the upper layer)

) i i ;. i
= (1 = Agq = Agp) Igq + Agq €7 Ioqm + Ay €7 I

(1 = Agq = Agp) Igy + Agq €97 Iqd + A, €7 159

where 1t is the raaiance received in channel 1i; A,q is the fractional
area of a pixel covered by clouds from layer 1 that are not overlapped
by layer 2 clouas; Aso is the fractional pixel area covered by nnly
layer 2 clouds; st is the clear-sky radiance in channel i and 61ilc1i
represents the radiance observea for pixels cloud-coverea by layer 1
with no overlapping layer 2 clouds, E1i being the emissivity of the
optically thick layer 1 cloud in channel i. Similarly Geilczi is the
radiance from pixels completely coverea by layer 2 clouase whilst eF’J
ana IclsJ values are not known separately the values of their product
terms in Equations (3) and (4) are derivea from the feet of the arches,
as in Figures z3 and 24. Solution of Equations (3) ana (4) for A,; ana
Acz is straightforwara in an jdeal situatione

However, with the 1likely uncertainties in IS, 1.1 and 1,5, notea
Coakley (1963) has aetermined a stability conaition for the equations
which indicates when they cease to be linearly independent,.
Satisfaction of this condition entails that whatever applies to two

layers can apply equally to three. However, the number of linearly
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inacepenaent and wiaely spacea infrarea channels is a limiting factor,
indeea the use of the 3.7 micrometers and 11 micrometers channels
together permits only nighttime observations aue to daytime reflection
of solar raaiation by low-level water clouas in channel 3, The window
at ze> micrometers is as yet unexplorea but may be stuaied in future
from Landsat measurements. Of high importance is the need to test the
valiaity of the unaerlying assumptions prior to testinge Coakley's
major conclusion was that cloud systems forming arches from a spatial
coherence analysis almost always satisfy both layer and optical
thickness assumptionse UDLata presented in Coakley (1983) were extracted
from tropical and mia-latitude Pacific regions ana excluded continental
areas where clear sky properties are more variablee The results showea
promise but would benefit from comparison with in-situ datae

The suitability of the spatial coherence technique to maritine
environments was further underlined by Coakley ana Baldwin (1964) who
adopted a strategy of analysing smaller (60 km x 60 km) subregions in
preference to 250 km x 250 km areas, compositing the subregion
statistics to provide larger scale resultse. Apart from reducing the
data input volume by more than an order of magnitude the cloud
patterns encounterea in the subregions were almost always one or two-
layerea ana were thus conducive to analysis by spatial cnherence.
Complex systems such as frontal clouds and large convective systems
(those for which spatial coherence cannot proviae realistic
retrievals) were treated with a default estimate [see Coakley ana
Baldwin (1964) for full aescription]e. This, by definitiaon,
incorporatea greater uncertainty than the spatial coherence
retrievalse For the area studied, those oceanic regions which were

frequented by the 'awkwara' systems suffered from larger uncertainties
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in mean clouainess as conparea with those areas aominated by layerea
cloud formationse
Validation

This approach suggests itself as a possible ISCCP naritime
retrieval algorithm (at least in areas where the climatological cloua
patterns indicate its potential applicability), but the results for
landmasses (although yet to be analysed) are unlikely to be so
promising, particularly in mid-latitudes. An alternative channel to
3«7 micrometers needs to be found for aaytime retrievals [(one recently
proposed alternative is the snow / cloua discrimination channel centrea
at leb micrometers] and corrections for viewing geometry have not been
considered.

The most recent development in this area is the work of holnar
and Coakley (1965) who assembled data sets for single and two-layerea
cloua systems for which the spatial coherence technique provided
reliable results anad which were statistically independent of one
anothere Using these examples they were able to demonstrate
similarities in c¢loud cover patterns for large and small sub-scenes,
This discovery nay be of interest to climate moaellers who wish to
represent the effect of sub-grid scale cloudse. The analysis was
subsequently usea to design a statistically-based algorithm which,
using simple mathematical models is intended to fit the correct value
of mean clouainess over all the partially cloudy pixels. Initial
results were compared to those derived from spatial coherence with gooa
consistency achieveds Total cloua amnunt was slightly underestimatea
in double-layered cases and similar errors were preaicted for cloud

systens of greater complexitya Eecause the methona haa no fundamental
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dependence on spatial coherence assumptions Molnar ana Coakley (1965)

emphasisea its potential value in "difficult" arease. kesults of
further tests are now required. Overall the status of spatial
coherence methods for cloua retrieval is one of limited success so far
but clearly worthy for future developmente

2.4 Radiative Transfer - type Algorithms

This, the third major class of retrieval algorithms employs an
entirely different methodnlogy from the retrieval techniques aescribed
so far. Here the cloud parameters are determinea from the fitting of
atmospheric radiative transfer models to the observed radiances. The
models qiffer in their complexity according to the number of wavelength
channels usea and most employ some auxiliary data to improve the
accuracy of retrieval (Reynoldas and Vonder Haar, 1977; Platt, 1963;

Kossow et ale, 1965).

Methods of calibrating absolutely infrared radiances from several
spectral channels agailnst appropriate models in order to infer cloud
properties has been put forwara by Chahine (1982) as a co-product of
vertical temperature profile and humidity distribution retrievalses In
this method the technique is to obtain first the cloua free radiances
by comparing the radiances measured in adjacent areas, assuming
variations in the cloud properties within the comparison region. The
model employea describes both cloud radiative properties ana cloud
vertical distribution ana is used in the comparison of the observea
radiances to the estimated cloud free values to extract the cloud
propertiese

As the number of spectral channels used increases so increasingly
complex cloud models can be emplnyed and it should be possible, with

sufficient channels, tn mndel effectively nmultilayered cloud systems
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and increase the accuracy of retrieval in such cases« At present,
however, the procedure utilises only three channels ana can aderive f
ana cloud top height for simple (i.ee« single cloud layer) modelse
Tests so far inaicate gooa agreement in the case of optically thick
cloua with large deviations encounterea for thin high cloudse This
difference in results for low ana high clouds has hinderea the progress
of this type of radiative transfer algorithme Future improvements rest
on the inclusion of extra spectral bands ana model refinements.

The bispectral technique developed by keynolas ana Vonder haar
(1977) examines each pixel's net radiation balance, relating the
radiances received in both visible and infrared channels to the sum of
the contributions from clear and cloudy regions within the field of
viewe Input parameters to the model include surface temperature,
visible albedos, infrared emissivities and visible bidirectional
reflectances which are usea to calculate the fractional radiance
contributions for an idealised single layer cloudes The secona step
uses the radiances to calculate the cloud fraction ana cloud top
temperature for each pixel. Vertical temperature profile retrievals
can be used to equate T, with cloud top heighte This method allows
correction for viewing geometry and varying surface properties,
important features which the previously aescribed algonrithms ao not
incorporates The test site used haa the advantage of a high density of
surface observers ana in a comparison stuay very good agreement was
reached with them with the exception of cirrus where loncal variations
in optical depth were misinterpreted as variations in c¢clouatop height
ana fe The model had associated a constant emissivity for cirrus

clouds but subsequently a new algorithm was devised for cirrus clouas
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in which an attempt was made to calculate emissivity as a airect
function of visible albedo. This greatly improved cirrus retrievalse
The other major 'problen' cloud type, that of bounaary layer cumulus
was well retrieved by this technique.

A 'dynamic' raaciation budget approach, as opposed to the 'static!
radiation balance described above, has been proposed by Smith ana
Vonaer haar (1983)¢ The improvement here concerns the determination of
the cloud and surface radiative properties from the satellite data
itself instead of from 'static' model comparisons. Much of the
methodology appears in previously discussed algorithmse. irstly, the
surface raaiative properties are deduced from time-period compnsites
(15 days) of minimum reflectance and maximum brightness temperature for
each pixel lncatione The composites must then be spatially averagea if
mean surface radiative properties are to be determined for small sub-
regionse Application of an appropriate clustering technique (Everitt,
1960) to bispectral radiance histograms generates clusters representing
the various clonud types present, each cluster center defining a
particular visible albedn and cloua top temperature. Climatological
temperature profiles are used to equate each T, with a cloua top
heighte

A similar radiative moael tn that used in Keynolds and Vonaer
Haar (1977) is used to estimate cloud cover fraction, f, It is
assumed that the measured mean radiances are again a function of the
combinea clear and cloudy radiance termss The problems of variable
infrared emissivities resulting from varying optical aepth are
overcome as previonusly by the inclusinn of an emissivity-reflectance
functinn whilst corrective terms for atmnspheric attenuation in the

infrared (mainly due tn water vapour absorption) and viewing geometry
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are also includede. In order to perform on a diurnal basis the )

~)
algorithm employs an infrared threshold during nighttime, defined so :
: as to reduce the mean square difference in retrievea daytime cloud ;{
E amount between itself and the dynamic bispectral method, thus assuming i:
: that the most suitable threshold can be used irrespective of the time =
: of daye The method achieved a satisfactory level of success in o
f preliminary tests with the exception of thin cirrus. Its merit ;ﬁ
relative to its predecessor is as yet unclear and a direct comparison :f
: would be a useful exercisee. 5%
; Occasinnally radiative transfer methods include threshold or t?
L)
! statistical elements in their framework (Rossow et ale., 1985)s A 2
f surface/atmosphere/single cloud layer model is utilised here and model :;
f radiances calculated as a function of the surface properties, cloua F:
properties, vertical profiles of temperature, humidity and ozone =
i abundance, along with viewing geometrye. &
; The main points of the model are described as followse The ;
' atmosphere is composed of a Rayleigh scattering gas residing :?
underneath and above a single layer of cloude Its vertical v;
temperature profile is determined from climatological daily average fé

valuese The cloua layer is assumed to be plane-parallel comprising 5
water spheres whose effective mean radius is 10 micrometerse Visible
reflectivity, transmissivity and infrared emittance are all
characteristic of such a surfacee. Incoming solar radiation is
partially attenuated by atmospheric ozone whose distribution is
provided from a seasonal zonal mean climatonlogy (see Hilsenrath and
Schlesinger, 1961)e The land surface is depicted as an isotropic

\ reflector with a reflectivity that varies with position whilst all the
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surface is assignea a unit emissivity in the infrared. The ncean
surface likewise has unit infrared emissivity whilst its reflectivity
is governed by Fresnel reflection coefficients (see Cox and Munk,
1956)¢ Finally weighted reflectivities are introduced to any region
experiencing snow cover (this applied to one of the test reginns when
the moadel was employed in the ISCCP pilot study)e

After comparing the moael radiances with the observed values,
simultaneous infrared and visible threshnlas (infrarea only at night)
are applied to the deduced cloud properties, the criterion being that
both must be exceeded in order to count a pixel as cloudye Since the
thresholds are applied to cloud properties which result directly frou
observed versus model radiance comparisons, they do not resemble fixed
raaiance increments like the previous thresholdse The results from the
testing of this algorithm in the ISCCP pilot study were aominated by
its repeated failure tn detect low lying clouds whilst remaining clouds
were retrieved satisfactorilye

A third bispectral technique invelving the comparison of
bispectral curves of visible albedo versus infrarea brightness
temperature from "real" clouds to model curves for extraction of cloua
fraction and optical depth is given in Platt (1983)e Model curves have
been constructed for jidealised single ana multilayered clouas ana
compared to bispectral histograms determinea from nbserved satellite
datae.

Fach idealised cloua layer is characterised by an optical depth
that, although constant within an individual pixel, may vary between
adjacent pixelse The value of f is permittea to vary from one pixel
to the next but the cloud top within a layer is set at a constant

heighte The actual clnua is aefined as a hnmngeneous isothermal
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region whilst scattering effects are limited to incoming solar
radiation which the layer scatters isotropicallye The underlying
surface has unit infrared emissivity, a visible albedo resembling that
of an ocean surface and is assumed to be isotropic as well as
homogenenus. EqQuations for the visible and infrared radiances from
'model’' clouas that might be received by a satellite, are then
formulateae These include albedo, emissivity, pixel cloud fraction
and optical depth terms ana provide the theoretical basis upon which
the curves are constructed (Figure 25(a))s The parameters usea in the
single layer calculations are shown in Table 6e

The curves depict albedo/brightness temperature relationships for
clouds forming (i) a continuous layer with varying optical depth and
(ii) a broken layer with uniform optical aepthe 1ln this way changes
in cloud amount and optical depth can be relatea to changes in albedo
and temperaturee. Curves 1 and 2 could be said to depict cruaely, in
the high cloud case, cirrus and cirrocumulus clouds respectively
whilst in the 1now clonud case they might characterise stratus ana
stratocumulus respectively, The sensitivity of the model to clnua
detection will depend on the albeao and temperature resolution of the
observations and on the data array having a smaller dispersion than
the distance between curves 1 and 2. There is, of course, the
additinnal possibility of further model refinement. The theory
discussea by Platt (1983) alsn permits the calculation of cloud
fraction and emissivity for each pixel within a single cloud layers

The method has been extendea to account for variations of albeao
with snlar zenith angle, variatinns of brightness temperature with

satellite viewing angle and cases where multiple cloud layers overlap
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Figure 25(a)

Figure 25(b)

(a)

Bispectral curves of albedo, K., versus brightness
temperature, T, for a low cloud layer. Line 1
represents an unbroken layer with variable optical depth
whilst line 2 is for broken layer of constant optical

depth cloud (after Platt, 1983).

As for Figure 25(a) but for a high cloud layer (after
Platt, 1983).
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Figure 25(c)

Figure 25(d)

Bispectral curves of albedo, K o» Vversus brightness
temperature, T,, for two overlapping cloud layers. The
layers are broken but cloudy regions have uniform optical
depth (after Flatt, 1983).

Bispectral curves of albedo, < gy VvVersus brightness
temperature, T,, for two overlapping cloud layers in
which the top layer is unbroken, comprising cloud of
variable optical depth whilst the bottom layer is broken
with cloud of uniform optical depth (after Flatt, 19863).
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Table b Parameters employed in single cloua layer calculationse 1,

and Iﬁ are the cloud and surface temperatures respectively Xg is the

surface albedn, 6 represents the incidence angle of solar raaiation at

the cloud whilst E denotes the naair angle of the cloud at the

satellite. °<(8;,Q) is the cloud albean as a function of its visible

optical depth and solar radiation incidence angle whilst g is the

ratio of visible optical depth aivided by the infrared absorption

optical depth (after Platt, 1963).

Boundary layer cloud High cloua
T, (K) 275 233
Tg(h) 290 <90
alg 0.05 0.05
Phase water Ice
6 (deg) 30 30
§ (deg) 0 0
x (£,,90) 0.6 0eb
g 2+5 2¢0
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each othere In the latter case the shape of the curves is determined
by four independent variables namely, the cloud fraction ana
emissivity of the twn overlapping layers. Figures 25(b) and 25(c)
illustrate curves depicting typical atmospheric cloud systems. The
basic equations have been simplified here for cases of cirrocumulus
overlying altocumulus (Figure 25(b)) and cirrostratus overlying
cumulus (or altncumulus) (Figure 25(c))s Again variations in layer
cloua fraction and cloud emissivity are reflectea in albedo ana
brightness temperature changes. In adaition Platt (1983) illustrates
the possible effects due to infrared scattering when the clonua layers
become deeper ana the model assumption of an isothermal cloud becomes
invalid.

The mnael curves have been tested against multiple cloud layer
systems over ocean and land surfacese. Albedo/brightness temperature
histograms are constructed from satellite measurements and wmndel
curves fittea to assess the level of agreement. Figure 26 shows the
result of fitting a mondel curve for semitransparent cloua to a
bispectral histogram for data from a complex tropical convective
systeme The consistency is evident along much of the histogran's
major axis auguring well for the mndel structure in this cases

The nverall value of this radiative transfer algorithm is so far
unknowne More comprehensive model tests are still necessary,
particularly on convective and frontal clouds, as well as nn low level
stratus which require the inclusion of features such as anisotropic
cloua reflection intn the nnadele. Platt (1963) reports that any future
development leading to possible incorporation intn the ISCCP algorithm
will have to follnow iaentificatinn of a successful methoa for

autnmating the remnval of cloud parameters from the input bispectral
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Two-dimensional bispectral histogram for a 500 km Xx 500
km area containing tropical clouds on 11 April 1980,
latitude 2.5°N, longitude 137.5°E. The lines represent
two predicted bispectral curves for a single layer of
semitransparent cloud with cloud top temperatures of 200
and 210 K, respectively (after Platt, 1983).

Figure 2
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3 Feasibility of Using Surface Observations

A5 Throughout the discussion of retrieval algorithms in Section ¢

g the need for improved development ana subsequent testing has been
ﬁ emphasised because many of the methods are still in their infancy and
%: have been testea only on limited regions on a limitea time scale in
i the course of which the full range of conditions, heteroageneous
:5 surface properties, time-varying surface problems and all the major
»3‘ global cloud systems have not been encountered. The aim of those
;n involved in the ISCCP pilot stuay in 1981 was to try to rectify this

in part but the caveats still apply to developments that have taken
& place since (spatial coherence, maximal clustering, bispectral
:v curves)s Perhaps the most pertinent problem to climate mndellers at

present is the lack of a unifornm global cloua climatologye The data

;? set that will hopefully emerge from ISCCP will be wholly satellite
3“ basedes The retrieval algorithm that was proposed, after the pilot
iv study was not specifically any of those tested but combined the 'best'
$ features of some of the individual methodologies. There will,

however, still remain the problem of how to validate the data set.
oy The mnst readily available methoa (ana perhaps the only conceivable

nne) lies in comparison with surface synoptic reports but the paucity

-
-

of such exercises (keynonlds ana Vonaer haar, 1977) had until recently
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left something of a vonid in this area.

The problems of satellite retrieval are now fairly well

St

establishea (knssow et al., 1985) and the question arises can surface
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nbservatinns be added tn or in some way calibrated tn satellite

retrievals so as tn imprnve the quality of the latter,s The problem is
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addressed by Séze et ale. (1967) which aescribes aetails of a 20 aay

perioa in the summer of 1983 auring which satellite tn surface clonud

amount comparisons were made over kestern Europe using data from

surface stations in Britain and France and the corresponaing METEGSA1

imagerye The exercise formed a part of the I1ISCCP preliminary

validation exercise and was ¢cnloncated with one of the special study

regions designated by ISCCPse Methods of the surface retrieval are

given in Séze et als (1987) whilst the satellite algorithm was the

four-parameter (Ih/IRvar/VIS/VISvap) clustering technique (Desbnis and
Séze, 1984a),

Gverall, the level nf agreement in total cloud amount between
satellite and surface observer was + 1 okta (or +12%) for 64% of all
casesSe The study raises many interesting and pertinent points which
are considered briefly heres

beginning with total cloud amount, there was founa to be greatest
agreement in either clear sky situations or single-layered conmplete
nvercasts but low cloud amounts (impnrtant for considering surface
radiative fluxes) were considerably underestimated by the satellite
whenever midale or upper level clnud nverlaia the 1low cloud decke
This is possibly a case in which surface reports coula assist in
correcting satellite measurements (layer obscuration).
Correspondingly it was found that the surface observer unaerestimated
high cloua amount (>6 km altitude) when it was obscured from view by
lower deckses In this situation the success with which the algorithn
was founa tn detect cirriform clouds well, becomes importante In this
study serious discrepancies arnse for such cases, which were airectly
related to the success with which the algnrithm could detect cirrus

clnude Ideally the surface data could be compared with the results of
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a wide range of alternative algorithums.

The use of METECSAT raaiances at middle latitudes raises problens
of viewing geometry and the pixel resolution of 6 km X b kn means that
many pixels may be partially cloua coverede At the latitudes concerned
METEOSAT will view the sides of clouds, particularly those of
developing cumuliform clouds which were observed to occur and small
gaps in layers will also be misseds however, perspective problems are
not confined to the satellite alone. The surface observer also fails
to detect gaps in the cloud cover at 1low elevation angles (Malberg,
1973) and tenas to overestimate cloua amount near to the horizon
(Merritt, 1966)s The perspective effects can be shown to be of similar
magnitude for both surface ana satellite retrievals but should not be
disregarded altogethers

The representativeness of the surface stations is another
important area. In an ideal c¢omparison a spatially homogeneous, aense
nbserving netwnrk coula be cnlncated with the satellite image pixelss
Reality is far remnved however, and consiacerations to the area

representative of each surface station are given in Stze et al. (1950,

1687)e 1t should also be conceded that a surface observer is an
essentially subjective analysis instrument. Perhaps the use of all-
sky cameras coula provide a more onbjective retrieval (Ackerman ana
Cox, 1951).

The question of incorporating surface observations into the
satellite retrieval remains a very difficult one, A nmnethod of
combining the twn cata types realistically has yet to be proposed.

One possibility concerns the work of Hahn et ale (1564) which consists

of surface-derived cloud climatologies expressing the probability that
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given the presence of one cloud type, annther type is presente If the
satellite-derived cloud type is assumed to be the referenced type the
extra information provided by these climatnlogies could improve future
retrievalse

Much work remains to be done on algorithm testing, improvement
and validatione. It now appears certain that any future glnbal
retrieval algonrithm will be a heterogeneous conposite of a range of
satellite-based techniquese 1t is therefore reasonable to propnse the
inclusion of surface observations where they would improve the cloud
characterisatione

4 Summary and Conclusions

This report describes the first phase of a three year study of
cloud retrieval techniquese The aim this year has been to review
existing techniques with particular attention being paid tn satellite-

?evals and to novel proposals made since the ISCCP

basea ret
intercomparison was initiated in 1981/82. The somewhat unsatisfactory
conclusion that must be drawn is that while many new techniques offer
useful, even uniquely successful, retrieval capabilities in certain
well-defined situatinns they have not yet, and perhaps can never, be
shown to be applicable to other areas, climates ana configurations.
Two recommendations are made: (i) there should be a broader
"validatinn" of many of the techniques revieweda here and (ii) an
attempt should be made tn incorpnrate surface-basea observations in
retrievalse It seems likely that in many situatinns surface-basead
observations offer the only satisfactory means of detecting (a) small-
scale structure, especially fair weather cumulus and gaps in cloud

decks, (b) thin cirrus and (c¢) low cloud amount and type in the

presence nf miadle ana high clnua layerse These preliminary
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conclusions seem tn justify the UesSe Air Force's use of "all available

data" in their construction of global nephanalyses.

5 Presentations and Publications

As most of this year's work has been of an introductonry nature
consisting primarily of literature review no publications have ensuea,
Two presentations have been made:
Postgraduate seminar series at Liverponl University on 19th June 1966
entitled
"Automated analyses of satellite radiance data".

Seminar at NATO Schonl on Remote Sensing in Mketeorology and

Climatology in Dunaee (Auge / Septe. 1966) entitlea

"A brief introduction to satellite cloud retrieval"
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